INTRODUCTION
============

Cavity polaritons are hybrid light-matter quasi-particles arising from the quantum superposition of electron-hole pairs (excitons) and confined cavity photons. Because of the half-light and half-matter nature, these polariton eigenstates inherit from their photonic components a low effective mass and fast propagation over long distances, while the constituent excitons provide them high nonlinearity from the strong polariton-polariton interactions ([@R1]). These superior properties have led to a rich set of quantum phenomena, such as Bose-Einstein condensation ([@R2], [@R3]), superfluidity ([@R4]), and quantum vortices ([@R5]), as well as optoelectronic applications ([@R6]), such as polariton lasers ([@R7], [@R8]). One of the most notable quantum phenomena is achieving Bose-Einstein condensation at high temperatures with cavity polaritons ([@R2], [@R9]--[@R12]). Because of the bosonic nature of polaritons and the light effective mass, polaritons can undergo nonequilibrium Bose-Einstein condensation when their de Broglie wavelength becomes comparable to their average separation at high temperatures, involving a huge number of particles massively accumulating into one single quantum state. The single quantum state nature of a polariton condensate gives rise to the long-term temporal coherence and long-range spatial coherence, which are regarded as the basis of any quantum manipulation of the polariton condensate wave function toward all-optical coherent polariton devices.

Microcavities with various dimensionalities have demonstrated polariton condensation from cryogenic temperatures to room temperature over recent years, which include two-dimensional (2D) planar microcavities ([@R2]), 1D quantum wire microcavities ([@R13], [@R14]), and 0D microcavities ([@R15], [@R16]). In particular, 1D quantum wire microcavities hosting polaritons with high group velocity are of profound interest and importance. They hold significant promise toward the development of optical information processing elements, including all-optical switches ([@R17], [@R18]), transistors ([@R19]), diodes ([@R20]), and integrated circuits ([@R21], [@R22]). Because of the unique symmetry of 1D quantum wire microcavities, polaritons are well confined in two of three dimensions and can only move freely in the longitudinal dimension, providing an ideal platform for all-optical manipulation ([@R23]), amplification ([@R24]), and gating of polariton condensates ([@R17]). Unlike 2D planar microcavities, the lateral discontinuity in the refractive index in 1D microcavities gives rise to the multiple subbranches of photonic modes, leading to multiple polariton branches. The multiband dispersion enables the versatility of intra- and interbranch scattering channels, which promises 1D microcavities an exceptional future for realizing phase-matching conditions in parametric amplification and optical parametric oscillation ([@R13], [@R25], [@R26]). Early research on 1D polariton microcavities started from GaAs microcavities ([@R23], [@R26]), which exhibit long polariton lifetime of 15 ps and long-range coherent propagation ([@R23]). Moreover, by doubling the Bragg mirror layers of a GaAs microcavity, exceptionally long polariton lifetimes on the order of 100 ps have been demonstrated, which further leads to polariton condensation in thermal equilibrium ([@R27]) and the remarkable polariton condensate propagation distance over 1 mm ([@R28]--[@R30]). However, limited by the small exciton binding energy, GaAs ([@R23], [@R31]) and CdTe ([@R32]) microcavities can only operate at cryogenic temperatures, which significantly hinder the development of polariton devices. Although with the robust excitons against thermal fluctuations at room temperature, wide bandgap semiconductors GaN and ZnO still experience difficulties in the patterning process to achieve low-dimensional microcavities. Recently, organic materials ([@R9]--[@R12]) with stable Frenkel excitons have been demonstrated as excellent candidates showing polariton condensation at room temperature. Although long-range propagation over hundreds of micrometers has been reported on the basis of organic Bloch surface wave polaritons ([@R33]), their condensation has not yet been achieved. In a conventional organic planar microcavity, despite the high group velocity of organic exciton polaritons, only short-range coherent polariton condensate flow limited within 10 μm has been observed due to the strong disordered environment and short polariton lifetime ([@R34], [@R35]). Moreover, it is not clear whether the coherence is from the pumping laser or the condensate itself, as the condensate in the organic microcavity is created under a resonant pumping regime. In this context, we demonstrate, to our best knowledge, the first experimental realization of coherent polariton condensate flow at room temperature in a 1D all-inorganic CsPbBr~3~ perovskite quantum wire microcavity by a nonresonant excitation. Polariton condensates with long-range coherence propagate along the quantum wire at a high group velocity of 10 μm/ps, with some polaritons propagating over 60 μm at room temperature. Moreover, we highlight that the actual polariton lifetime of 3 ps in our perovskite microcavity could be deduced through the interference fringes during the propagation process. Our technological achievements open a route to the creation of polariton-based logic elements and polariton devices working at room temperature.

RESULTS AND DISCUSSION
======================

Unlike previous inorganic systems such as GaAs and CdTe, which significantly rely on cutting-edge epitaxial techniques, the CsPbBr~3~ microwire we use here is grown by an epitaxy-free chemical vapor deposition method, which has been reported before ([@R36]--[@R38]). The whole structure of our perovskite microcavity is shown in the schematic of [Fig. 1A](#F1){ref-type="fig"}, where the bottom mirror is 20.5 pairs of a Ta~2~O~5~/SiO~2~ distributed Bragg reflector (DBR), while the top mirror is 8.5 pairs of a Ta~2~O~5~/SiO~2~ DBR. Another thin layer of 65-nm SiO~2~ is deposited onto the bottom DBR acting as the spacer layer before we transfer the CsPbBr~3~ microwire onto the bottom DBR. Because perovskite is fragile, in the fabrication process, a thin layer of 50-nm poly(methyl methacrylate) (PMMA) is spin-coated onto the perovskite microwire to preserve the electronic and optical quality of perovskite. As shown in [Fig. 1B](#F1){ref-type="fig"}, the effective perovskite microcavity retains the rectangular shape of the CsPbBr~3~ microwire with a length of \~30 μm and a width of \~2 μm. The thickness of the perovskite microwire is \~120 nm. After the whole fabrication process, the perovskite microcavity still exhibits bright green emission under fluorescence microscopy, as shown in [Fig. 1C](#F1){ref-type="fig"}. The realization of polariton devices at room temperature significantly demands stable excitons against thermal fluctuations. Previous studies have shown that CsPbBr~3~ has stable excitons with a large exciton binding energy of 40 meV ([@R37]), as confirmed by the room temperature absorption spectrum of CsPbBr~3~ in [Fig. 1D](#F1){ref-type="fig"}. The absorption spectrum of CsPbBr~3~ thin film on mica substrate (red trace) shows a strong excitonic peak centered at \~2.406 eV, while the room temperature photoluminescence (blue trace) of CsPbBr~3~ exhibits a peak at \~2.353 eV with a narrow full width at half maximum (FWHM) of 60 meV. After the CsPbBr~3~ microwire is integrated into the microcavity, the emission (olive trace) from normal incidence (corresponding to in-plane wave number *k*~∥~ = 0) shifts to 2.297 eV, and the FWHM significantly narrows to 2.0 meV corresponding to a quality factor of \~1150 (see fig. S1 for details), suggesting that perovskite excitons are well confined in the microcavity, which is crucial toward strong coupling between excitons and cavity photons.

![Microcavity structure and characterization.\
(**A**) Schematic of the CsPbBr~3~ microwire microcavity structure, showing *x*, *y*, and *z* axes. (**B** and **C**) Microscopy and fluorescence images of CsPbBr~3~ microwire microcavity after the fabrication process under white light and blue light from a halogen lamp, respectively. Scale bars, 5 μm. (**D**) Room temperature photoluminescence and absorption spectra of the CsPbBr~3~ perovskite. Red trace, the absorption spectrum of the CsPbBr~3~ perovskite on mica substrate, showing a strong excitonic peak at \~2.406 eV. Blue trace, the photoluminescence emission spectrum of the CsPbBr~3~ perovskite on mica substrate, showing an emission at \~2.353 eV with an FWHM of 60 meV. Olive trace, the ground-state emission of the CsPbBr~3~ nanowire embedded into the microcavity, showing an emission at \~2.297 eV with an FWHM of \~2.0 meV. a.u., arbitrary units.](aau0244-F1){#F1}

We then investigate the polariton behavior of the CsPbBr~3~ microwire microcavity by angle-resolved photoluminescence spectroscopy at room temperature. In conventional 2D microcavities, the confinement is only along the *z* axis of the microcavity, which gives the wave vector quantization *k*~*z*~ = π/*L*~c~, where *L*~c~ is the effective cavity length. In 1D microcavities, the additional lateral confinement along the *y* direction introduces an additional quantization: *k*~*y*,*j*~ = (*j* + 1)π/*L*~*y*~, where *L*~*y*~ is the effective lateral length along the *y* direction and *j* is a new quantization number, *j* = 0, 1, 2, ..., giving rise to multiple photonic branches that can couple to the exciton state. The relationship between the energy and wave vector of cavity modes along the *x* axis can be expressed as ([@R25])$$\mathit{E}_{\text{1D}}^{\mathit{c}}(\mathit{j},\mathit{k}_{\mathit{x}}) = \mathit{E}_{0}\sqrt{1 + \left\lbrack \frac{(\mathit{j} + 1)\pi}{\mathit{L}_{\mathit{y}}} \right\rbrack^{2}\frac{1}{\mathit{k}_{\mathit{z}}^{2}} + \left( \frac{\mathit{k}_{\mathit{x}}}{\mathit{k}_{\mathit{z}}} \right)^{2}}$$where *E*~0~ = *ℏck*~*z*~/*n*~*c*~. Along the *y* axis, the energy of each cavity mode is constant but shows electric field distribution under different *k*~*y*~ values. In this case, the resulting polariton dispersion exhibits multiple continuous branches along the *x* axis while showing multiple discrete states along the *y* axis. As shown in [Fig. 2A](#F2){ref-type="fig"}, the measured polariton dispersion mapping shows continuous distribution along with the emission angle (with one-to-one mapping to the wave vector *k*~∥~) when the long axis *x* of the CsPbBr~3~ microwire is set to be parallel to the entrance slit of the spectrometer. Two lower polariton branches can be observed in the polariton dispersion mapping, which are caused by the strong coupling between the perovskite exciton and 1D photonic branches. The upper polariton branch can hardly be identified, which is a broadly met situation in inorganic microcavities with large Rabi splitting energy ([@R7], [@R13], [@R36], [@R39], [@R40]). However, the curvature of the measured dispersion of the lower polariton branch, which shows an *S* shape with a curvature tending to be smaller and smaller at large angles (see fig. S2 for details), unambiguously demonstrates the strong coupling regime. The dashed curves in [Fig. 2A](#F2){ref-type="fig"} show the theoretical polariton dispersions calculated by the coupled oscillator model, while the solid white lines correspond to the uncoupled exciton energy (X) and calculated cavity modes (C), respectively. From the fitting of the data, we extract the Rabi splitting energy of 2Ω = 120 meV with negative detunings of −80 and −40 meV. The dispersions are also theoretically well matched by assuming particle-in-a-box--type wave functions and energies for photons confined by the width of the microwire being coupled to excitons with negligible dispersion as shown in [Fig. 2B](#F2){ref-type="fig"}. [Figure 2C](#F2){ref-type="fig"} shows the measured polariton dispersions when the short axis *y* of the CsPbBr~3~ microwire is set to be parallel to the entrance slit of the spectrometer, showing some discrete polariton states that are due to the electric field distribution of cavity mode induced by the optical confinement from the small width of the CsPbBr~3~ microwire, as discussed before. Similarly, the polariton discrete states can be well reproduced in theory, as shown in [Fig. 2D](#F2){ref-type="fig"}.

![Angle-resolved photoluminescence mappings of the CsPbBr~3~ perovskite microwire microcavity.\
(**A**) Measured polariton emission dispersions when the long axis *x* is set to be parallel to the entrance slit of the spectrometer. The white dashed lines show the theoretical fitting dispersions of the upper (UP) and the lower (LP) polariton branches. The white solid lines display the dispersions of the uncoupled CsPbBr~3~ perovskite exciton (X) and the cavity photon modes (C) obtained from the coupled harmonic oscillator model fitting. (**B**) Theoretically calculated polariton dispersions when the long axis *x* is set to be parallel to the entrance slit of the spectrometer. (**C**) Measured polariton dispersions when the short axis *y* is set to be parallel to the entrance slit of the spectrometer, showing multiple discrete states. (**D**) Theoretically calculated polariton dispersions when the short axis *y* is set to be parallel to the entrance slit of the spectrometer.](aau0244-F2){#F2}

The perovskite microwire microcavity is further pumped by a pulsed Ti:sapphire laser at 400 nm and a repetition rate of 1 kHz to reach nonlinear regime. As shown in [Fig. 3A](#F3){ref-type="fig"}, the lower polariton branches are observed with a broad distribution over a wide range of angles at a low pump power density of 0.75 *P*~th~ (*P*~th~ = 0.8 μJ/cm^2^). A clear blue-shift trend of polariton energy is observed, which is due to the enhanced polariton-reservoir interaction with the increase of the polariton density below the threshold, as compared with the theoretically calculated lower polariton dispersion (the white dashed line in [Fig. 3A](#F3){ref-type="fig"}) under a low pump power density. With the increase of the pump power density to 1.3 *P*~th~, the polariton dispersion is dominated by much stronger symmetric emissions at around ±20° of emission angle, which suggests the occurrence of polariton condensates. These polariton condensates at nonzero *k*~∥~ have been reported in GaAs microcavities ([@R23], [@R41]). The pumping of the system creates a local exciton reservoir, which feeds the condensate and also provides a localized potential peak for polaritons in real space due to polariton-exciton repulsive interactions. Polariton condensation initially occurs at the top of this potential peak, and the potential energy is converted to kinetic energy such that the polariton condensate acquires a nonzero in-plane wave vector. Thus, polariton condensates can ballistically propagate outward, leading to a large density drop below the critical density for polariton condensation. As the propagating polariton condensate is not in the ground state of the system, it can be considered as a nonequilibrium coherent condensate or quasi-condensate, which still carries the coherence from the condensation spot ([@R28], [@R29]). This polariton condensate behavior can be well reproduced in theory, as shown in [Fig. 3C](#F3){ref-type="fig"}. Furthermore, when the pump power is above the condensation threshold, the real-space emission of the perovskite wire microcavity exhibits clear interference fringes (see fig. S3 for details), which implies the polariton condensate propagation behavior and the long-range spatial coherence of the polariton condensate. Further analysis of polariton propagation will be discussed later. To investigate the occurrence of polariton condensate quantitatively, we plot the polariton emission intensity and linewidth as a function of pump fluence in a log-log scale in [Fig. 3D](#F3){ref-type="fig"}. A sharp increase of emission intensity and a rapid decrease of emission linewidth are observed when the pump fluence crosses the threshold of *P*~th~ = 0.8 μJ/cm^2^. Another important feature to demonstrate the formation of polariton condensate is the continuous blue shift with the increase of pump fluence, as shown in [Fig. 3E](#F3){ref-type="fig"}. Two different blue-shift slopes are observed corresponding to polariton-reservoir interaction and polariton-polariton interaction, as already reported in a previous CsPbCl~3~ microcavity ([@R36]). We observe a maximum blue shift of 11 meV, which is far smaller than the energy difference between the cavity mode and the polariton dispersion (30 meV). To unambiguously demonstrate the appearance of polariton condensate, we further check the spatial coherence of the emission above the threshold by interferometry measurements (see fig. S4 for details). The real-space emission of the polariton condensate is sent to a Michelson interferometer with a retroreflector configuration ([@R2]). The first-order spatial coherence *g*^(1)^ (**r, −r**) can be probed by the interference fringes' contrast between points localized at **r** and --**r**. As shown in fig. S4, clear interference fringes can be readily identified with a distance of 25 μm, which suggests the buildup of long-range off-diagonal order.

![Characterization of polariton condensates at room temperature.\
(**A**) Polariton dispersion at 0.75 *P*~th~, showing a broad distribution at all angles. (**B**) Polariton dispersion at 1.3 *P*~th~, showing symmetric dominant emission at around ±20°. The polariton condensation with nonzero *k*~∥~ inclines the role of polariton propagation. (**C**) Simulated polariton dispersion mapping at 1.3 *P*~th~. (**D**) Evolution of emission intensity and linewidth as a function of pumping fluence. (**E**) Energy blue shift with respect to the polariton emission energy at the lowest pump fluence as a function of pump fluence.](aau0244-F3){#F3}

Further investigations on the propagation of the polariton condensate are conducted by pumping a small area (3 μm^2^) at the end of the microwire microcavity (red dashed circle), as shown in [Fig. 4A](#F4){ref-type="fig"}. The polariton condensates are only created in the pumping spot area, and the blue-shift potential expels the condensate to propagate to the other end of the nanowire. As shown in [Fig. 4B](#F4){ref-type="fig"}, a clear interference pattern can be observed throughout the whole microwire. To observe these interference fringes near the pumping area, polaritons have to propagate to the other end first and get reflected by the other end of the wire. They then further propagate back to the pumping area to interfere with the incoming polaritons, which proves that some polaritons have propagated over 60 μm (twice of the wire length). To model the spatial dynamics of polariton condensates above threshold, we directly solve the driven-dissipative mean field dynamics (see Supplementary Text for details), considering the case of pulsed excitation near the microwire end. The observation of interference fringes depends on the chosen polariton decay rate in the calculation (see fig. S5 for details). As shown in [Fig. 4D](#F4){ref-type="fig"}, the group velocity of polaritons can be obtained from the polariton dispersion according to$$\mathit{V}_{g} = \frac{1}{\hslash}\frac{\partial\mathit{E}}{\partial\mathit{k}_{\parallel}}$$

![Polariton condensate propagation and characterization at room temperature.\
(**A**) Schematic of pumping spot and collection spot on the microwire microcavity. (**B** and **C**) Measured and simulated real-space images of the microwire microcavity above the polariton condensation threshold, respectively. (**D**) Polariton group velocity extracted from the polariton dispersion as a function of emission angle (directly related to wave vector *k*~∥~). (**E** and **F**) Measured and simulated polariton emission mappings as a function of emission angles, respectively, showing dominant emission at \~−15°.](aau0244-F4){#F4}

We can deduce that the polariton group velocity is under 10 μm/ps. Consequently, to traverse the length of the wire (30 μm) and return to cause interference after being reflected, a polariton needs to survive for a period on the order of 5 ps or more (depending on where along the microwire we are looking for interference fringes). This corresponds to a decay rate of around 0.15 meV. In practice, not all polaritons need to survive to observe clear interference fringes, so the experiment can be supported considering slightly higher decay rates, as shown in [Fig. 4C](#F4){ref-type="fig"}. Estimating that the polariton decay rate is around 0.2 meV upon comparison with experiment, we obtain an actual polariton lifetime of 3 ps, which is much larger than that of other microcavities working at room temperature ([@R35]). Detailed comparison between perovskite polariton condensates and other semiconductor polariton condensates has been shown in table S1. We note that this method of extracting the lifetime of polaritons is more accurate than using the linewidth, which is significantly broadened by disorder in our system. To further confirm that the obtained interference pattern results from the propagation of coherent polariton condensate, we carry out the Michelson interferometry with a retroreflector configuration. As shown in fig. S6, when the real-space image of polariton condensates above the threshold and its inverted image are superposed, clear interference fringes can be identified at the end of the wire, which confirms that spatial coherence is still preserved during the propagation process from the end to the other end of the wire. We further check the polariton dispersion in the reciprocal space to confirm the propagation of polariton condensate, as shown in [Fig. 4E](#F4){ref-type="fig"}. The far-field emission spectrum measured at 20 μm (red circle in [Fig. 4A](#F4){ref-type="fig"}) away from the pumping spot exhibits nonsymmetric behavior with the main emission angle at −15°, which can be explained by the dominant polariton propagation direction to the other end of the wire. With a well-defined incident in-plane wave vector, condensed polaritons can thus propagate outside the pumping area along the wire. The far-field emission spectrum matches well with the theory, as shown in [Fig. 4F](#F4){ref-type="fig"}. The broadening of the measured polariton dispersion could be attributed to disorder in our perovskite microcavity. Similarly, the in-plane wave vector of the propagating polaritons can be well controlled by changing the pumping spot position to the other end (opposite to the blue circle in [Fig. 4A](#F4){ref-type="fig"}). In this case, as shown in fig. S7, the far field emission shows an opposite behavior in wave vector, as compared with that shown in [Fig. 4E](#F4){ref-type="fig"}.

CONCLUSION
==========

In conclusion, by nonresonant optical pumping, we create a green polariton condensate with long-range coherence in an epitaxy-free CsPbBr~3~ perovskite microwire microcavity at room temperature. Polaritons propagate at a high group velocity of 10 μm/ps, which is several times larger than that of a corresponding GaAs microcavity. Meanwhile, the polariton condensate preserves the spontaneous spatial coherence during the propagation of a detectable fraction of polaritons over a macroscopic distance of 60 μm. The propagation of the polariton condensate can be readily controlled by changing the position of the pumping spot. With the long polariton lifetime and long propagation distance, perovskite 1D microcavities hold significant promise for the realization of room temperature all-optical integrated logic circuits and polaritonic devices. Last, we note that in the presence of energy traps ([@R3]), polariton relaxation often appears further enhanced. This is an important ingredient of condensate transistors ([@R17]), which could be a promising direction for future work with perovskites operated at room temperature.

MATERIALS AND METHODS
=====================

Fabrication
-----------

The bottom DBR was first fabricated by an e-beam evaporator, consisting of 20.5 pairs of silicon dioxide (87.5 nm) and tantalum pentoxide (60.2 nm). A thin layer of 65-nm SiO~2~ was deposited onto the bottom DBR acting as the spacer. The CsPbBr~3~ microwire was then transferred to the bottom DBR, followed by spin-coating a thin layer of 55-nm PMMA to protect the perovskite. The detailed procedure of the perovskite growth is described in our previous report ([@R37]). The substrate was then put into the e-beam evaporator again to complete the fabrication of the top DBR, which consists of 8.5 pairs of silicon dioxide (87.5 nm) and tantalum pentoxide (60.2 nm).

Optical spectroscopy characterization
-------------------------------------

Angle-resolved photoluminescence spectroscopy was measured in a homebuilt microphotoluminescence setup in the Fourier imaging configuration. The continuous-wave pump laser of 442 nm was focused on the sample surface through a high--numerical aperture (NA, 0.9) 100× microscope objective, covering an angular range of ±64.1°. The emission from the microcavity was collected through the same objective and sent to a 550-mm focal length spectrometer (HORIBA iHR550) with a grating of 600 lines/mm and a liquid nitrogen--cooled charge-coupled device of 256 × 1024 pixels. To reach polariton condensation, the perovskite microcavity was pumped by off-resonant excitation centered at 400 nm with a pulse duration of 100 fs and repetition rates of 1 kHz (double frequency from 800-nm laser from a Spitfire Ace Ti:sapphire regenerative amplifier by a beta barium borate crystal). The excitation laser was focused down to a \~20-μm-diameter spot on the sample. The fluorescence image from the perovskite microcavity was obtained through an Olympus microscope, where the microcavity was illuminated with a halogen lamp after passing through a band-pass filter.
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Fig. S1. Measurement of the FWHM of polariton emission at normal incidence.

Fig. S2. Evidence of perovskite microcavity operating in strong coupling regime.

Fig. S3. Real-space images of the perovskite microcavity above the threshold.

Fig. S4. Long-range spatial coherence of the perovskite polariton condensate.

Fig. S5. Theoretically calculated time-integrated intensity pattern of polaritons generated by pulsed excitation at one end of the microwire.

Fig. S6. Long-range spatial coherence of propagating polariton condensate.

Fig. S7. Optical control of polariton condensate.

Table S1. Detailed comparison between the perovskite polariton and other semiconductor polaritons.
